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ABSTRACT
We show how wet major mergers can create disc galaxies in a cosmological context,
using the Illustris simulation. We select a sample of 38 disc galaxies having experienced
a major merger in their history with no subsequent significant minor merger, and
study how they transform into discs after the merger. In agreement with what was
previously found in controlled simulations of such mergers, we find that their disc is
built gradually from young stars formed after the merger in the disc region, while
the old stars born before the merger form an ellipsoidal component. Focusing on one
fiducial case from our sample, we show how the gas was initially dispersed in the
halo region right after the merger, but is then accreted onto a disc to form stars, and
builds the disc component. We then select a sample of major mergers creating elliptical
galaxies, to show that those cases correspond mainly to dry mergers, where the lack
of star formation prevents the formation of a disc in the remnant galaxy. The amount
of gas in the remnant galaxy after the merger is therefore essential to determine the
final outcome of a major merger.
Key words: galaxies: evolution – galaxies: formation – galaxies: interactions – galax-
ies: kinematics and dynamics – galaxies: spiral – galaxies: structure
1 INTRODUCTION
The major merger of two galaxies has long been thought to
produce elliptical galaxies (since Toomre & Toomre 1972),
and is even considered as the main mechanism responsi-
ble for the creation of ellipticals. Colliding two similar mass
spiral galaxies will often completely destroy their disc stel-
lar structures, scatter their stars and eventually assemble
them in a spheroidal or ellipsoidal component (Toomre 1977;
Barnes & Hernquist 1992; Hammer et al. 2009; Taranu et al.
2013; Deeley et al. 2017) characteristic of elliptical galaxies.
This picture seemed very convincing, until in the last two
decades both observations and simulations showed that disc
galaxies could also be created from a major merger. Hammer
et al. (2005, 2009) found late type galaxies showing traces
of a past major merger, while simulations (e.g. Springel &
Hernquist 2005; Governato et al. 2007; Hopkins et al. 2009;
Borlaff et al. 2014) showed that the remnant of a major
merger could have a small disc component, particularly if
the two initial discs were on, or at least close to, the orbital
plane.
Athanassoula et al. (2016) (see also Rodionov et al.
2017; Peschken et al. 2017; Athanassoula 2018) showed how
to create a spiral galaxy from a major merger, using simula-
? Contact e-mail: npeschken@camk.edu.pl
tions of an isolated pair of disc galaxies with a hot gaseous
halo each, colliding at intermediate or high redshift. While
the stars pile up in the center of the remnant to form a classi-
cal bulge, gas is accreted from the halo after the merger, and
allows the formation of a dominating disc component. This
paper was a proof of concept that major mergers can pro-
duce disc galaxies in the idealized scenario of two isolated
galaxies, and allowed to study and follow in detail and in
a controlled environment the formation of the disc. Similar
work then followed, such as Tapia et al. (2017), Eliche-Moral
et al. (2018) and Sauvaget et al. (2018), who confirmed these
results. However, such simulations are run in isolation, there-
fore they neglect the effect of the environment, and make as-
sumptions on the parameters of the merger such as the orbit,
or on the structures of the two merging galaxies. It is there-
fore necessary to check whether the scenario of two merging
galaxies leading to a disc galaxy also works in a more gen-
eral and realistic case of cosmological context, where the
environment is expected to play a strong role in galaxy evo-
lution, and less assumptions are made on galaxies and their
interactions.
An efficient way to do so is to use cosmological simu-
lations, which have been intensively developed over the last
decade, and allow to study the formation and evolution of
galaxies in a significant portion of the universe. Illustris-1
(hereafter Illustris) is a large high resolution hydrodynam-
c© 2018 The Authors
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ical simulation (Vogelsberger et al. 2014) modeling a cube
of (106 Mpc)3, enough to contain hundreds of thousands
of galaxies, and therefore constitutes a great laboratory for
the study of galaxy evolution and interactions. It is based
on the AREPO code (Springel 2010), and has been shown to
reproduce many observational results in the field of galaxy
evolution (e.g. Snyder et al. 2015). Illustris contains about
18 billions of particles modelling dark matter, gas and stars,
with a mass resolution of 6.3 × 106 M for the dark matter
and 1.6 × 106 M for the gas, as well as a linear resolution
is 0.7 kpc for baryonic matter, and 1.4 kpc for dark matter.
The simulation is publicly available through 135 snapshots
from redshift 127 to the present time. As the number of
particles in Illustris galaxies is about an order of magnitude
lower than in the previously mentioned simulations run in
isolation, we will look here only at global properties of the
disc (i.e. its existence, or not), and do not extend our study
to the disc properties and substructures.
A first attempt to work on the formation of disc galax-
ies from major mergers in Illustris has been undertaken by
Sparre & Springel (2017), who studied four galaxies formed
from major mergers with zoom-in simulations. They found
that, as already shown in controlled simulations, a disc com-
ponent could be regrown in galaxies in a cosmological frame-
work, after a major merger under certain feedback condi-
tions in those zoom-in simulations, and that star formation
could still occur after the merger. However they focused
mainly on the circumstances of the quenching of the rem-
nant galaxy, in particular on the effect of AGN feedback. We
would like to extend that work for a larger sample of Illustris
galaxies fully evolved in a cosmological context, and track
the formation of the disc more closely, in particular includ-
ing the role of the gas and its amount. This will allow us
to understand better in which scenarios major mergers pro-
duce ellipticals or spiral galaxies in a cosmological context
using statistics of a larger number of galaxies.
The paper is organized as follows. In section 2 we select
a sample of disc galaxies formed from a major merger, and
study their formation and evolution after the merger. Then
in section 3 we focus on one particular case from our sample,
our fiducial example, and study in more detail how the disc
is formed and the role of the gas. In section 4 we construct a
sample of elliptical galaxies formed from a major merger, to
compare to our disc sample. We discuss the results in section
5, and conclude in section 6.
2 FORMING DISC GALAXIES FROM MAJOR
MERGERS
2.1 Disc galaxies sample
We are interested in major mergers producing disc galaxies
in Illustris. To find such cases, we select at redshift z = 0 all
disc galaxies and trace back their history to look for major
mergers. To do this, we use a similar approach as in Peschken
&  Lokas (2019), where we used the criteria of the flatness of
the galaxy, as well as the circularity of the stellar particles, to
define disc galaxies. The circularity parameter  of a stellar
particle represents how close its orbit is to a circular orbit,
and disc particles are therefore expected to have  close to
1. Illustris provides for every galaxy the fractional mass f
Figure 1. Total masses of the galaxies in the disc sample (section
2) and in the elliptical sample (section 4).
of stars with  > 0.7, and we take f > 0.2 to define disc
galaxies. We also use the flatness of galaxies as provided
by Illustris from the mass tensor, and set the additional
constraint of flatness < 0.7 for a galaxy to be considered
as a disc.
Furthermore, we keep only galaxies with more than 60
000 stellar particles, which corresponds to M∗ = 5×1010M.
This ensures that the stellar population is big enough to be
able to probe its age and distribution properly, which will
be necessary to track the formation of a disc component.
2.2 Major mergers sample
We now trace back the merger history of those selected disc
galaxies starting from redshift z = 0 up to redshift z = 1.5,
to look for major mergers. To do this, we use the Sub-
link merger tree of Illustris, which allows to look at each
snapshot for the progenitors of a given galaxy in the previ-
ous snapshot. Therefore, having the number of progenitors
higher than one at a given snapshot means that a merger
occurred, and we select the cases with two progenitors to
focus on the mergers of two galaxies. We are looking for ma-
jor mergers, and keep therefore only mergers with a total
mass ratio higher than 0.25. However the masses provided
by Illustris cannot be fully trusted, since when two galaxies
are close, Illustris struggles to attribute particles correctly
to each galaxy. Taking Illustris masses at the moment of the
merger would often result in having one galaxy taking most
of the mass, and the other one having very little mass left,
making it very difficult to find a major merger (see Fig. 7
for an example). It is thus needed to compute the masses
of the galaxies before the two merging galaxies get too close
to know what is the mass ratio between the two progeni-
tors. We dismiss the snapshots corresponding to the merger
period, where the galaxies are too close, and keep only snap-
shots before the merger where the distance between the two
progenitors is higher than 80 kpc. Even so, the total mass
can sometimes vary due to the presence of other galaxies,
so we choose to average the mass of each progenitor over 3
snapshots, to have a more reliable estimate of the real mass.
We find that in most cases the mass values within those 3
snapshots do not differ by more than 50% difference from
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Figure 2. Mean flatness (as defined in section 2.3) as a function
of time (or snapshots) in our disc sample, with the 1-σ dispersion
in grey. The flatness decreases over time, which means that the
galaxy becomes flatter and more disc-like. Since the merger oc-
curs at different times for each galaxy of the sample, we scaled the
time with respect to the merger snapshot. Therefore snapshot 0
in the plot corresponds to 10 snapshots before the merger starts,
for every galaxy of the sample. The top axis shows the approxi-
mate time, with 0 corresponding to the beginning of the merger.
The dispersion goes to zero at the final snapshot because there is
only one galaxy in our sample that has a merger as early as 60
snapshots before the end of the simulation.
the average value. This average mass then allows us to de-
rive the mass ratio.
To determine the moment of the merger, we cannot rely
on the Illustris merger tree, as when two galaxies are too
close Illustris tends to consider they are one single galaxy,
while the merger might still be ongoing. We therefore probed
by eye the snapshot at which the merger seems to start (i.e.
when the two galaxies collide for the first time), as well as the
snapshot at which the merger seems to be over (i.e. when
there is no more overdensity moving around the center of
mass, and the remnant seems to have stabilized). This gives
us the merger period.
We now have for every disc galaxy of our sample the
snapshots where a major merger (mass ratio > 0.25) oc-
curred in its history. However after a major merger, other
events such as minor or other major mergers can occur,
which can impact the formation of a disc. We therefore keep
only cases where after the major merger no significant ex-
ternal event occurred for the remnant galaxy. To do this, we
discard all the cases where a minor merger with a mass ratio
higher than 5% occurs after the major merger. We also dis-
miss the cases where the major merger is a multiple merger,
with other galaxies involved. In case there are several major
mergers in the history of the galaxy, we keep only the latest
one. This allows us to isolate the effect of the major merger
on the subsequent evolution of the galaxy.
In this way we obtain 38 disc galaxies with more than
60 000 stellar particles at redshift z = 0, and have a clear
major merger in their history with no significant following
merger. We call this sample our disc sample. As shown in
Peschken &  Lokas (2019), the mass provided by Illustris
cannot always be trusted, so we compute the total mass
of the galaxies in our sample ourselves, in the same way as
Figure 3. Ratio of the flatness (as defined in section 2.3) of the
young to the old stellar population in our disc sample, the old
population being composed of the stars born before the merger,
and the young one of those born after. We see that the young
population appears to be flatter than the old one.
in Peschken &  Lokas (2019). We fit an exponential disc to
the stellar distribution of those galaxies within two stellar
half-mass radii, and then take the sum of the total mass in-
side 20 times the derived exponential scale-length to derive
the total mass, and 10 times to derive the stellar mass. We
obtain an average total mass of (7.24± 3.10)× 1011M for
our sample of galaxies at redshift z = 0, with their mass
distribution displayed in Fig. 1, and a corresponding stellar
mass of (7.95± 3.57)× 1010M.
2.3 Results
This sample of 38 galaxies is thus composed of disc galaxies
having experienced a major merger, and thus shows how a
dominant disc can be built after a major merger, instead
of an elliptical galaxy. This confirms the previous work on
the topic (e.g. Athanassoula et al. 2016) where controlled
simulations were used. Here we will investigate how and why
this disc is built in cosmological simulations.
In all cases, if there was a disc before the major merger,
it was destroyed by the merger, there is no survival of the
disc. Therefore the disc can only have been formed after the
merger. We will thus follow the evolution and properties of
the galaxies in our sample after the merger.
To characterize the formation of the disc, we first look
at the evolution of its shape, using the flatness of the galaxy.
Illustris provides the eigenvectors of the mass distribution,
which allows us to derive the flatness of the stellar com-
ponent. However, as stated in the previous section, Illus-
tris does not always attribute particles to galaxies correctly
(see also the Appendix in Peschken &  Lokas 2019), so these
eigenvectors might be biased. We therefore derive the flat-
ness ourselves, using only the stellar particles inside twice
the half-mass radius, which we also computed ourselves. We
define the flatness as MZ/
√
MX ×MY , where MX , MY and
MZ are the eigenvalues of the mass tensor of the stellar dis-
tribution. The lower the flatness, the flatter the galaxy is.
Following the flatness over time for all galaxies in our
sample, we find a decrease of the flatness over time, after the
MNRAS 000, 1–12 (2018)
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Figure 4. Star formation rate and gas fraction as a function
of time in our disc sample. As in Fig. 2, the time is scaled with
respect to the time of the merger for each galaxy, the plot starting
10 snapshots before the merger, and the top axis displays the
approximate corresponding time.
merger. We plot in Fig. 2 the mean and dispersion of the flat-
ness as a function of time, for our whole sample. We start the
plot 10 snapshots before the beginning of the merger to have
a time consistent for all cases, as each merger of the sample
occurs at a different time. Since the time step between two
snapshots is not constant in Illustris, we cannot directly con-
vert the number of snapshots to a time duration, but on the
top axis of Fig. 2 (and in the following plots displaying time
evolution) we gave an approximation of the corresponding
elapsed time, using an average of the time between two snap-
shots, and taking zero for the beginning of the merger. Note
that this time is not accurate and is only displayed in those
plots to give an idea of the time scale. Before the merger, the
flatness is rather high, indeed the main progenitors are then
often not disc galaxies, but rather small clumpy ellipsoidal
shaped galaxies. We see that at the moment of the merger,
the flatness increases due to the destruction of the galaxy,
but then abruptly drops, and later decreases gradually over
time. It thus seems that the disc starts forming quickly af-
ter the merger, although the Illustris results do not allow
us to give a precise quantitative estimate of the timescale.
In Fig. 2 the time scale is not consistent for all cases of the
sample, with relative differences to the mean time we took
(top axis) going up to 30% between two timesteps, therefore
some small shifts on the X-axis from one case to the other
could slightly affect the appearance of the mean curve (for
example the sharpness of the drop might be slightly differ-
ent from one case to the other). However the results can be
trusted qualitatively, and allow us to understand the general
behaviour of the galaxies in our sample. Note that before the
merger occurs, we focus on the primary galaxy, i.e. the main
progenitor as determined by the Illustris merger tree (often
the galaxy with a higher mass).
To see whether the decrease in flatness comes from a
rearrangement of the old stars, or the formation of a young
disc, we will now divide the stars at redshift z = 0 into two
groups. We define the old stars as all the stellar particles
born before the beginning of the merger, and the young stars
as the ones born after the end of the merger. We exclude the
Figure 5. Fraction of star formation occurring in the disc as a
function of time in our sample of disc galaxies, i.e. the mass of
stars formed in the disc (|Z| < 5 kpc, R < 50 kpc), divided by
the total mass of the stars formed in the galaxy, at each snapshot.
Here again the snapshots are scaled with respect to the moment
of the merger, as in Fig. 2 and 4, and the top axis displays the
approximate time.
stars born during the merger, as the information given by
the stars born during this violent process might not be easy
to interpret in terms of disc formation. We find that the old
stars form a rather spheroidal component, while the younger
stars form a clear disc component (see section 3 for a fiducial
example).
To characterize this, we compute the flatness (as de-
fined above) separately for the young and old components,
and look at the ratio of its values for the young and the old
population. We plot the histogram of the ratio distribution
in Fig. 3, and find a mean value of 50 ± 12 %, which shows
that the young population is indeed clearly flatter than the
old one (in agreement with the results of Athanassoula et al.
2016). Furthermore, while the young population has a flat-
ness of 0.38 ± 0.10, the old population shows a mean value
of 0.76 ± 0.076, i.e. close to the value the primary galaxies
had before the merger (see Fig. 2). Therefore, the origin of
the disc is related to the young population formed after the
merger, rather than the flattening of the old one.
As young stars seem central to understand the disc for-
mation, the next logical step is to look at the star formation
rate over time in our galaxies. In Fig. 4 we plot over time the
mean and the dispersion values of the stellar mass formed
in between two snapshots inside twice the stellar half-mass
radius, and divide it by the corresponding time, to get the
star formation rate for our sample of galaxies. We see a
clear peak in the star formation rate at the beginning of
the merger, as expected both from observations and simu-
lations (e.g. Larson & Tinsley 1978; Di Matteo et al. 2007;
Ellison et al. 2008). We also show the fraction of gas in the
baryonic component over time, and see that it starts quite
high around the merger period (about 70% of gas), and then
gradually decreases due to the star formation. After the star
formation burst induced by the merger, the star formation
rate also decreases slowly over time, as the gas reservoir is
depleted, but does not drop to zero until the very end of the
simulation. There is therefore continuous formation of stars
MNRAS 000, 1–12 (2018)
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Figure 6. Stellar density for Subhalo 16948 (fiducial case), seen
at redshift z=0 face-on (top panel) and edge-on (bottom panel).
in the remnant galaxy from the merger until the present
time.
Furthermore, if we look at the fraction of stars formed
in the disc (defined with a thickness |Z| < 5 kpc and a
cylindrical radius R < 50 kpc) over time shown in Fig. 5,
we find that after the merger this fraction is very high, over
90 %, showing that most of the star formation occurs in the
disc. Therefore our disc component is formed in situ from
gradual and continuous star formation after the merger.
Using this sample we therefore get a general idea on
Figure 7. Total masses of both merging galaxies (top), as well
as stellar masses (bottom panel), as a function of time. Here the
time represents the age of the Universe in Illustris.
how to form a disc from a major merger. The merger de-
stroys the galaxies and forms a rather spheroidal component
out of the old stars, but after the merger star formation cre-
ates a new young disc component, in good agreement with
what was found in Peschken et al. (2017) for an isolated
pair of galaxies. This is only possible in a merging system
with enough gas, i.e. a wet merger, and indeed in all our
cases the galaxy right after the merger is gas-rich (around
70 % of gas). This is consistent with previous simulations
of isolated galaxy mergers (e.g. Springel & Hernquist 2005;
Hopkins et al. 2009; Athanassoula et al. 2016).
3 FIDUCIAL EXAMPLE
We will now take one fiducial example of a galaxy from the
disc sample described in the previous section and investigate
it in more detail, to better understand the formation of the
disc and the role of gas in building it.
3.1 Presentation of the case
The fiducial case we selected is the Illustris Subhalo number
16948 at snapshot 135 (displayed in Fig. 6), a disc galaxy at
redshift z = 0, with a total mass of 9.24× 1011M, a stellar
mass of 1.11 × 1011M, a circular orbit fraction f = 0.24,
MNRAS 000, 1–12 (2018)
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Figure 8. Stellar density for Subhalo 16948 undergoing a major merger at redshift z = 1, before (left panel), during (middle panel) and
after the merger (right panel). The primary galaxy is in color, and the secondary in greyscale. The three corresponding times are 5.18,
5.61 and 6.23 Gyr after the beginning of the simulation.
and a flatness of 0.496 (as defined in section 2.3). The masses
are computed as in section 2.2. At redshift z = 1, this galaxy
had a total mass of 3.5 × 1011M and underwent a major
merger with a galaxy of total mass 2.6 × 1011M. As the
secondary galaxy is smaller and quickly distorted by the
merger, to compute its total mass we took the mass inside
5 times its stellar half mass radius.
We show in Fig. 7 (top panel) the total masses of both
merging galaxies as a function of time, where we can see
the secondary galaxy giving its total mass to the primary.
We display the galaxy undergoing the merger in 3 snapshots
(right before, during, and after the merger) in Fig. 8. As
stated in section 2, the major merger completely destroys
the stellar structures of both galaxies, and the disc is grad-
ually formed only after the merger (as will be shown in the
following sections). The merger (as probed by eye) occurs
between 5.47 Gyr and 6.23 Gyr after the beginning of the
simulation (redshift z ∼ 0.9 - 1.1).
3.2 Time evolution
To understand how the final disc galaxy was formed, we
followed different quantities over time.
Looking at the stellar mass over time (Fig. 7, bottom
panel), we see a sudden increase of the stellar mass during
the merger, due to the piling of stars in both galaxies as well
as a star formation burst (see below). The stellar mass then
continuously increases up to redshift z = 0, as new stars are
formed.
We computed the stellar flatness of the galaxy, defined
as in section 2.3, and followed it through time. Here again
the flatness before the merger is computed for the primary
galaxy progenitor. We find that after the end of the merger,
the flatness drops and stays stable after a few snapshots
(Fig. 9, top panel). The stellar disc thus seems to form rather
quickly.
We also looked at the star formation over time in the
galaxy in Fig. 9 (middle panel), and find that after the star
formation burst triggered by the merger, it remains rather
constant, around 2×1011 M Gyr−1. Furthermore, the star
formation happens mostly in the disc after the merger (∼80
%, Fig. 9, middle panel), showing here also that in situ con-
tinuous star formation is the main mechanism building the
disc.
To illustrate this result and the role of star formation,
we decompose here again the stars into two populations: the
ones born before the merger (old stars), and the ones formed
after (young stars). By displaying their distribution in Fig.
10, we see that the old stars form a rather ellipsoidal com-
ponent, while the young ones form a clear disc, in agreement
with Fig. 3 and the results of section 2.3. This is consistent
with the results already found in Athanassoula et al. (2016).
Looking at the gas (Fig. 9, bottom panel), we find that
the quantity of gas decreases in the galaxy, which can be ex-
plained by the star formation, as it is more important than
the gas accretion rate. However, after a relatively sharp in-
crease between 6 and 7 Gyr right after the merger, the quan-
tity of gas in the disc then stays relatively stable over time,
although this is where we expect most of the star formation
to happen and thus deplete the gas reservoir. For the amount
of gas to remain relatively constant, a continuous input of
gas is needed in the disc, compensating the gas consumed in
star formation. We will investigate this point in the following
section.
3.3 The role of gas
We showed in the previous section that most star formation
happens in the disc component and there are very few stars
formed outside the disc. But where does this disc gas come
from? Is this gas transformed into a disc component by the
merger, or does it come from slow accretion from the outer
parts into the disc over time, consistently with the results
in Peschken et al. (2017)? The amount of gas being con-
stant in the disc over time suggests the latter explanation,
and we will here verify this hypothesis by following the gas
movements.
We first start by looking at inflows and outflows of gas
in the disc, to test our scenario that the gas is supplied from
outside the disc over time. We compute the flux of gas go-
ing through the surfaces located 5 kpc above and under the
disc, parallel to the disc with a 50 kpc cylindrical radius ex-
tent. To do this we take all particles located within a 0.5
kpc vertical distance from these surfaces, and divide them
MNRAS 000, 1–12 (2018)
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Figure 9.Different quantities plotted as a function of time (= age
of the Universe in Illustris) for the primary galaxy in our fiducial
case. Top panel: flatness as a function of time, as defined in section
2.3. Middle panel: star formation rate in red with the fraction of
star formation occurring in the disc in blue, as a function of time.
Bottom panel: amount of gas in the disc in red, as well as in the
whole galaxy in blue. The two black vertical lines represent the
merging period.
between particles going away from the disc (outflows) and
particles going towards the disc (inflows). Although this is
just an approximation (there might be particles entering or
leaving the disc from the edges, without going through those
two surfaces), this gives us an idea of what happens to the
gaseous disc, and whether there is more gas entering or leav-
ing it. We find that overall the gas inflow is dominant after
the merger, with an average value of 2.1 × 1011MGyr−1,
against only 1.3 × 1011MGyr−1 for outflows. It therefore
seems that there is an important supply of gas to the disc,
as our results in the previous section suggested. But where
does this gas come from, and how big is its influence on the
Figure 10. Distribution of two stellar populations at redshift
z = 0 in our fiducial example (Subhalo 16948): stars formed before
the merger (top panel) and after the merger (bottom panel), in
the galaxy seen edge-on.
disc formation? To investigate this, we will now trace the
gas directly to observe its movements.
Tracing the gas in time in Illustris is not straightfor-
ward, as contrary to stars or dark matter, gas cannot be fol-
lowed consistently from one snapshot to another in galaxies.
An alternative solution is to use tracers. Tracers are parti-
cles that are in the gaseous state at the beginning of the
simulation in Illustris, and that are followed with a fixed in-
dex throughout the whole simulation independently of what
happens to them. This means that we can follow these par-
ticles even if they transform into stars, or if they travel from
one galaxy to another. In our case we will use them to find
out how the gas moves and forms stars in our fiducial exam-
ple.
We will therefore take the stellar tracers present in the
disc of our galaxy at redshift z = 0, and check where the gas
MNRAS 000, 1–12 (2018)
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that formed them was at a given snapshot. This allows us to
follow over time the gas that will end up as stars in the disc
at the end of the simulation. Doing that for snapshot 89 (at
the end of the merger), we find that a significant fraction of
this gas (87 %) is in the halo of the galaxy, i.e. not in the
disc. As in section 2.3, we define here the disc as the volume
with |Z| < 5 kpc and R < 50 kpc. We display the distribu-
tion of this gas, i.e. the gas that is forming the stellar disc by
redshift z = 0, in Fig. 11 face-on and edge-on. We see how
most of it is located out of the disc, but in its direct neigh-
bourhood. We repeated this analysis at different snapshots
after the merger, and found the same result. It thus seems
that most of the gas forming the future stellar disc is initially
in the halo part, surrounding the disc. The presence of this
halo gas is not surprising, as it has been shown in observa-
tions that galaxies have hot gas surrounding their disc (e.g.
Miller & Bregman 2015). In our case, this gas likely comes
from the filament structures of our cosmological framework,
as well as from the progenitors gas scattered away by the vi-
olence of the merger event. Since most of the star formation
happens in the disc, it means that this gas has necessarily
been accreted into the disc before forming stars. Therefore,
the disc is built from gas present in the halo after the merger
(as was already found in Peschken et al. 2017 with the an-
gular momentum), and gradually reaccreted in the disc over
time. This is confirmed by the presence of gas inflows in the
disc (see above), as well as the amount of gas staying con-
stant over time in the disc despite star formation (see section
3.2); the gas transforming into stars is continuously replaced
by gas accreted from the halo, allowing constant refueling of
the disc gas to form the stellar disc. This shows again the
importance of the gas; the only way to allow constant star
formation and building of the disc (in the absence of exter-
nal perturbations), is to use the gas initially scattered in the
halo by the merger, which thus has to be gas-rich.
4 FORMATION OF ELLIPTICALS FROM
MAJOR MERGERS
We have shown in the previous sections how a disc galaxy
can arise from a major merger, however not all major merg-
ers produce disc galaxies. In this section we study the for-
mation of elliptical galaxies from major mergers in Illustris,
as ellipticals are the most straightforward and expected out-
come of major mergers, and we look for the differences with
the disc formation scenario investigated previously.
4.1 Selection of the sample
We follow the same procedure as in section 2, but this time
selecting elliptical galaxies instead of disc galaxies at redshift
z = 0. To be sure to select only pure ellipticals, we define our
ellipticals as all galaxies with again more than 60 000 stellar
particles, but which have a flatness higher than 0.8, and
less than 10% of their stars belonging dynamically to a disc
(circularity parameter  higher than 0.7). We then proceed
exactly as in section 2.2, i.e. we trace back the history of
these galaxies, and try to find major mergers. As before, we
dismiss all the cases where a significant minor merger occurs
after the major merger, to focus on the major merger as the
Figure 11. Density distribution at snapshot 89 of the gas which
forms stars by redshift z = 0 in our fiducial case, in face-on (top)
and edge-on view (bottom).
main formation mechanism. This leaves us with 11 ellipticals
formed from a major merger.
We furthermore dismiss four cases where the major
merger has occurred at low redshift (z < 0.2), as in these
cases not enough time has passed for a potential disc to
form in the remnant, and we therefore cannot argue that the
major merger would not eventually produce a disc galaxy.
This leaves us with a sample of 7 galaxies, whose total
mass distribution is displayed in Fig. 1 (average total mass
(3.37± 5.78)× 1012M). In this case, to compute the total
mass, we did not use an exponential fit as in section 2.2, as
there is no disc component in the galaxies. Instead we fit a
de Vaucouleurs profile (de Vaucouleurs 1948), and take the
particles inside 200 times the corresponding scale-radius, as
we probed by eye that this value contained most of the mass.
Note that we also tried to use 10 times the scale radius of a
NFW (Navarro et al. 1997) profile fitted on the dark mat-
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Figure 12. Flatness (as defined in section 2.3) as a function of
time (or snapshots) for the sample of elliptical galaxies formed
from major mergers. As in Fig. 2, 4 and 5, the snapshots are
scaled with respect to the time of the merger for each galaxy, the
plot starting 10 snapshots before the merger, and the top axis
displays the approximate corresponding time.
ter distribution of these galaxies, with similar results for the
derived total masses.
4.2 Results
Those 7 cases represent major mergers where no consistent
disc has formed in the remnant galaxy. While in section 2.3
we analyzed why and how a disc was formed in the remnant,
here we will try to understand why no disc has formed.
We first plot the flatness as a function of time for our
sample (Fig. 12), and see that the flatness remains high and
constant after the merger, which shows indeed that no clear
disc has formed in the remnant.
Looking at the gas content, we find that in all our cases
there is little gas in the remnant galaxy. We characterize this
result by plotting the amount of gas as a function of time,
as well as the star formation rate, for our sample (Fig. 13).
We see that the amount of gas in the galaxy is much smaller
(around 10 % of the baryonic matter) at the merger time
than in the disc sample of section 2.3, and drops quickly
after the merger. The star formation rate is also small, as
expected, and drops quickly to nearly zero. Therefore, after
the merger the absence of gas seems to prevent the consistent
formation of a young stellar component.
If we divide the stellar populations into several age bins
as in Fig. 10, we find no trace of a disc component in the
younger populations, except for one galaxy, Subhalo number
16960 (number at redshift z = 0). This galaxy has a small
thin young disc, but of a very low mass (with the young pop-
ulation containing ∼ 15 % of the total stellar mass), so that
it is small on the galactic scale and the galaxy remains dom-
inated by its main, old spheroidal component. In all other
cases the small young population is concentrated in the cen-
tral part (see an example in Fig. 14 for Subhalo number
59397), where most of the gas is expected to pile up due
to the merger (Barnes & Hernquist 1996). We find overall
that the younger population (formed after the merger) con-
Figure 13. Same as Fig. 4, but this time for our sample of ellip-
tical galaxies.
tributes only 1.5 ± 2.2 % of the stellar mass in the galaxies
in our sample (excluding Subhalo 16960).
Therefore, these 7 major mergers producing elliptical
galaxies correspond to cases with little gas and/or little star
formation, which prevents the formation of a new extended
disc in the remnant galaxy from accreted gas. The stars
in these galaxies are predominantly old (formed before the
merger), and have been shuffled into a spheroidal component
by the violent relaxation of the merger, which created the
dominant spheroidal component characteristic of elliptical
galaxies. This is consistent with the work of Toomre (1977),
Taranu et al. (2013) and Naab et al. (2014) on major merg-
ers. We thus conclude that major mergers can produce both
elliptical and disc galaxies, depending mainly on the amount
of gas present in the galaxy right after the merger.
5 DISCUSSION
This work constitutes the continuation of the previous
work of Athanassoula et al. (2016); Rodionov et al. (2017);
Peschken et al. (2017); Athanassoula et al. (2017); Athanas-
soula (2018), where an isolated system of two gas-rich proto-
galaxies on a merging orbit was simulated, and it was shown
that the remnant is a spiral galaxy. Those simulations were
done using the N-body/SPH code GADGET3 (Springel &
Hernquist 2002; Springel 2005), with 5.5 million particles
representing dark matter, gas, and stars. The two proto-
galaxies are initially only constituted of dark matter and a
hot gaseous halo, and both form small stellar discs, which
are then destroyed by the merger to form a bulge compo-
nent. Gas from the halo then plays a fundamental role after
the merger, being accreted to form a new disc in the rem-
nant, giving it its angular momentum, and via star forma-
tion allowing the creation of a stellar disc with well-defined
spiral arms and a bar. The results presented in this paper
are therefore in very good agreement with the latter, as we
also show how the gas from the halo is accreted to form
a stellar disc after the merger. Despite a necessarily lower
resolution, we extended this previous work by showing that
those results are also valid in the more realistic frame of a
cosmological context.
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Figure 14. Division into stellar populations of different ages
(similar to Fig. 10), for an elliptical galaxy of our sample (Subhalo
59397 at redshift z = 0), seen edge-on (Z being the rotation axis
of the galaxy). There is no trace of a disc component in any popu-
lation, the stars formed after the merger are few and concentrated
in the central part of the galaxy.
In section 2, we took all major mergers happening from
z = 0 up to z = 1.5 for our disc galaxies sample, and dis-
carded all major mergers happening earlier. The choice of
z = 1.5 as a limiting value is justified by the fact that at
earlier times galaxy mergers are much less clear, as galax-
ies are smaller, there are many multiple mergers happening
(more than two galaxies merging at the same time), and the
evolution of early galaxies is generally harder to track.
We tried to look at the flatness of the gas component
besides the stellar one, to see if the accretion was creating a
gaseous disc. However we did not see any clear trend, the gas
is predominantly in a spheroidal component outside the disc
(see section 3.3) so that its flatness remains close to 1 also
during episodes of gas accretion. Furthermore the accreted
gas is quickly transformed into stars, so that the creation of
a real gaseous disc is not clearly visible.
Sparre & Springel (2017) also analyzed major mergers
creating discs in Illustris, but for a much smaller sample
of four galaxies. They performed zoom-in re-simulations of
those galaxies (Sparre & Springel 2016), allowing better res-
olution, to investigate the quenching and the effect of feed-
back on it. They proved that it is possible in Illustris to form
star forming disc galaxies after a major merger, depend-
ing on the strength of AGN feedback. Our results confirm
that Illustris can form disc galaxies after a major merger,
and go further, as our larger sample allows better statistics
on the properties of those galaxies over time. While Sparre
& Springel (2017) focused on the quenching and feedback,
we focussed the formation of the disc over time, using its
flatness, and tracing the gas forming it. This allowed us to
show how important the amount of gas is in this process, as
it is accreted from the halo after the merger. Furthermore,
we added the study of elliptical galaxies from dry mergers
to complete our analysis and show the importance of the
amount of gas in the disc formation process.
Comparing our sample to Sparre & Springel (2017), we
looked for mergers happening in a larger redshift range (up
to z=1.5) and took a weaker constraint on the mass ratios
(M2/M1 > 4/5 in their sample, while we have 1/4), so that
our results are valid for a broader range of merger parame-
ters, at higher redshift and are not limited to galaxies of very
similar masses. Furthermore, while Sparre & Springel (2017)
just made sure that there was no other massive galaxy (with
a mass ratio higher than 1/3) at z = 0.2 and 0.5 around their
studied galaxies, we paid extra attention to excluding any
minor mergers from the disc formation process, by check-
ing at every snapshot following the merger that there is no
encounter involving a galaxy with a mass ratio higher than
1/20. This ensures that the disc is formed from the major
merger only, without the contribution of any other external
event, and therefore makes our claim stronger.
Rodriguez-Gomez et al. (2017) also established a link
between the amount of gas and the morphology of the rem-
nant galaxy in Illustris, but using a different approach. They
used the κrot parameter (Sales et al. 2012) based on the ki-
netic energy, to account for the amount of rotational support
of the stellar component. They took a big sample (18000) of
galaxies and found a correlation between the amount of gas
in the merger and κrot, with dry mergers producing galaxies
with less rotational support. Our results therefore support
this claim, as one can assume that disc galaxies usually have
a high κrot, while ellipticals have a low value of this parame-
ter. However, the approach and aim of our paper is very dif-
ferent from those of Rodriguez-Gomez et al. (2017). While
they used their high number of galaxies to extract statistics
on the outcome of mergers, we decided to focus on a smaller
sample, although still significant enough to derive statistics,
and have more control over the types of galaxies and merg-
ers occurring. We restrict ourselves to clear disc galaxies and
ellipticals, examine our galaxies individually, focus on major
mergers only, and make sure that the major merger is the
only significant event able to impact the galaxy morphology.
Besides, we support our claim by looking in detail at the for-
mation of the disc, to understand how it happens, from the
moment of the merger until the present time. Our analysis
is therefore more targeted and focused on the effect of major
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mergers, with in-depth study of the building of the disc and
the role of gas.
Note that in this paper we do not claim that all wet
major mergers produce disc galaxies, there are many fac-
tors that can prevent the formation of a disc or destroy an
existing one, such as minor mergers (see below), tidal inter-
actions or gas removal after the merger. We only study cases
of galaxies that we know end up as disc galaxies and had a
major merger in their history, to show that it is indeed pos-
sible, even in a cosmological context, to create disc galaxies
from major mergers, and to study in details their properties
and the mechanisms involved. Similarly, we do not claim
that dry mergers always produce ellipticals (and indeed pre-
vious collisionless simulations have shown that dry mergers
do not necessarily lead to galaxies resembling present-day
ellipticals, see e.g. Naab & Trujillo 2006), we selected our
sample to have only elliptical galaxies at redshift z = 0.
Minor mergers are not studied in this work, but could
potentially have a significant impact on the remnant galaxy
(or on any galaxy in general). A violent collision with a rel-
atively big satellite (for example with a mass ratio around
1/5) could disturb a disc structure that has formed from a
wet major merger, potentially even destroying the disc (Hop-
kins et al. 2008). Therefore we do not expect every major
merger to lead to a disc galaxy. Furthermore, external events
affecting the amount of gas, such as gas inflows or outflows,
will obviously affect the formation of the disc, possibly trig-
gering it or preventing it.
We have only 7 cases of elliptical galaxies in our sam-
ple in section 4, which might appear a small number, and
is indeed smaller than the sample of disc galaxies in sec-
tion 2. This does not reflect the frequency of ellipticals and
discs in Illustris at redshift 0, which is in good agreement
with observations (see Snyder et al. 2015), and therefore
the difference in the size of our two samples must be due
to the way we selected them. Besides our restrictive con-
straints (major merger happening between redshift z = 0.2
and z = 1.5, mass range, etc.), we explain this by the fact
that we removed all the cases where a minor merger (with a
mass ratio higher than 5 %) happens after the major merger.
Since ellipticals are often very massive galaxies, they tend
to accrete numerous satellites around them, so that minor
mergers are very frequent, and we lose many cases by re-
moving the galaxies which had them. However for our anal-
ysis it is necessary to isolate the process of major merger,
and therefore to discard the cases where a significant minor
merger happens in the history of the galaxy.
The constraint of having no significant minor mergers
is a strong one, and might not reflect the evolution of most
cluster galaxies, for which it is common to have satellites
with 5 to 10% of their mass to be captured and accreted
(Oogi & Habe 2013; Naab et al. 2014). However the point of
this paper is to prove that a major merger alone can lead to
a disc galaxy in a cosmological context, and to understand
the mechanisms involved, more than trying to characterize
the typical evolution of a galaxy after a major merger. Nev-
ertheless, to check that the scenario of discs formed from a
major merger still works including more significant minor
mergers, we tried to take a weaker constraint, by changing
the maximum mass of satellites to be accreted from 5% to
10% of the galaxy’s total mass. As expected, this consider-
ably increases the number of cases, as in this way we find
over 200 disc galaxies formed from a major merger in Illus-
tris, with the same mass constraints (see section 2.1 and 2.2).
This confirms that it is also possible to create a disc galaxy
from a major merger with subsequent minor mergers, al-
though in those cases it becomes difficult to disentangle the
effect of the major merger from the minor mergers on the
disc formation.
In this work, we took two extreme samples at redshift
z = 0, the disc galaxies which are clearly dominated by their
disc component, and the elliptical galaxies having almost no
disc component (based on the flatness and circularity of the
stars, see section 2.1 and 4.1). These cases are characterized
by a lot of star formation in the former case, and almost
no star formation in the latter. However there are obviously
many intermediate cases where the presence of some gas in
the remnant galaxy may lead to the formation of a small
disc in the remnant, but not big enough to dominate the
galaxy. We mentioned such a case as one out of 7 cases in our
elliptical sample in section 4.2, Subhalo 16960. This galaxy
has a gas fraction a bit higher than the other cases at the
moment of the merger (around 20 %, while the mean of the
sample is around 12 %). It also shows a slightly higher star
formation rate than other galaxies for a short amount of time
(about 1 Gyr), which allows the formation of this low-mass
disc.
6 SUMMARY AND CONCLUSIONS
In this paper, we studied how disc galaxies can form from
major mergers in the Illustris simulation. We selected a sam-
ple of 38 disc galaxies at redshift z = 0 with a stellar mass
higher than 5 × 1010M, that experienced a major merger
in their history after redshift 1.5, with no significant other
merger (minor or major) following. We found that at times
after the merger the stellar component evolves gradually to-
ward a disc component. The gas fraction is quite high after
the merger (around 70 %), which allows a lot of star forma-
tion in the remnant galaxy even long after the merger. Most
of this star formation occurs in the disc region, and con-
tributes to building the stellar disc. Indeed, the disc is com-
posed predominantly of young stars, as the older population
(formed before the merger) has a much more spheroidal dis-
tribution. The disc is therefore formed gradually by star for-
mation after the merger, in good agreement with what was
found in controlled simulations (Athanassoula et al. 2016;
Peschken et al. 2017).
We then focused on one fiducial case, Subhalo 16948
(index at redshift z = 0), to study how the gas contributes
to the creation of the new disc. The amount of gas in the disc
is stable over time despite star formation, which means there
must be an inflow of gas into the disc, which we showed by
computing the flux of gas towards the disc plane. We used
Illustris tracers to trace back where the gas that formed the
young disc population came from, and found that the star
forming gas right after the merger is located mostly (87 %) in
the halo of the remnant galaxy, surrounding the disc. Since
most of the stars are formed in the disc region, this gas is
accreted gradually into the disc, where it cools down and
builds the stellar disc by star formation, as already found in
controlled simulations (Peschken et al. 2017).
Finally, we explored major mergers leading to ellipti-
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cal galaxies in Illustris, by forming a sample of 7 elliptical
galaxies having experienced a major merger in their history.
These elliptical galaxies were selected to also have a stel-
lar mass higher than 5 × 1010M at redshift z = 0, and a
merger between z = 0.2 and z = 1.5. In this case there is no
flattening of the stellar component after the merger, i.e. no
disc component is formed. We found that these mergers are
dry, i.e. they have little gas and very little star formation
follows the merger. Therefore no new stellar disc can be cre-
ated in the remnant from accreted gas, and the old stellar
population scattered into a spheroidal component dominates
the galaxy, which becomes an elliptical.
The gas is therefore essential to determine the outcome
of a major merger, with dry mergers leading often to ellipti-
cals, and wet mergers creating disc galaxies. While these re-
sults were previously found in simulations of idealized merg-
ers, we showed here that this scenario also works in the more
general and realistic frame of a cosmological context, with
no restricting conditions applied to the mergers or the envi-
ronment.
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